Introduction
============

Sugar beet \[*Beta vulgaris* (L.)\] is known as one of the important industrial crops in Iran ([@iew040-B39]) and many countries around the world ([@iew040-B42]; [@iew040-B8]; [@iew040-B4]). It has a variety of insect pests from different orders and families ([@iew040-B14]). The silver Y moth*, Autographa gamma* (L.) (Lepidoptera: Noctuidae), as a polyphagous insect pest, is known as one of the economically important pests of sugar beet in Iran and many parts of the world ([@iew040-B23]; [@iew040-B6]; [@iew040-B22]). The larvae of *A. gamma* damage sugar beet plants by defoliating, and consequently reducing crop yields ([@iew040-B35]).

In polyphagous insects, the quality of host plants can affect the larval growth, longevity, and fecundity of the adult ([@iew040-B2]). Host plant resistance is often the first line of defense against herbivorous insect pests because of minimized pesticide application on this host plant, leading to reduced environmental and human health risks ([@iew040-B14]). Population dynamics of *A. gamma* can be influenced by climatic condition and host plant type ([@iew040-B29]). It is noticeable that the development of this pest on an unfavorable food source may take three times longer than favorable food sources ([@iew040-B17]).

Because of the important biochemical role of digestive enzymes such as proteases and α-amylases in insect growth, when the activity of these enzymes is inhibited, the insect nutrition is impaired ([@iew040-B21]). Also, it is noticeable that these enzymes' activities are associated with the nature of food sources or chemical compounds ingested by insects ([@iew040-B32]). The quantity and type of food, temperature, and midgut pH are important factors directly influencing the digestive enzymatic activity and providing the energy requirement for growth and development of insects ([@iew040-B44]). For the development of new management strategies against herbivorous insects, it is necessary to study their feeding performance and function of digestive enzymes ([@iew040-B25]).

Several studies have recently been done about the effect of various host plants on digestive enzymatic activity and nutritional responses of lepidopteran larvae ([@iew040-B33]; [@iew040-B15]; [@iew040-B31]; [@iew040-B38]; [@iew040-B30]; [@iew040-B18]; [@iew040-B45]); however, no published research articles are available regarding digestive physiology and nutritional responses of *A. gamma* on either sugar beet cultivars or other host plants. Accordingly, the objective of this research was to study the effect of different sugar beet cultivars on the feeding rate, and digestive proteolytic and amylolytic activities of *A. gamma*. We expect that the results of this research will provide practical information for designing comprehensive pest management strategies against *A. gamma*.

Materials and Methods
=====================

### Sugar Beet Sources

Seeds of nine sugar beet cultivars (Peritra, Karolina, Paolita, Lenzier, Tiller, Ardabili, Persia, Rozier, and Dorothea) were obtained from the Plant and Seed Modification Research Institute of Sugar Beet (Ardabil, Iran). They were grown in the research field of the University of Mohaghegh Ardabili (Ardabil, Iran) in May 2014. The selected cultivars were the most commercially cultivated sugar beets in different regions of Iran. For this study, the young leaves of sugar beet cultivars (in the eight leaf stage) were transferred to a growth chamber at 25 ± 1 °C, 65 ± 5% RH, and a photoperiod of 16:8 (L:D) h and were used for larval feeding.

### Rearing of Insect

Originally, the fifth instar larvae of *A. gamma* were collected from sugar beet fields of Northern Khorasan, Iran. Nine separate stock cultures were reared, for two generations, on each sugar beet cultivar before being used in the experiments. The first and second instars were simultaneously reared until the third instar, and then they were divided into the individual plastic plates (8 cm in diameter, depth 1 cm). The insects were kept inside a growth chamber at the same conditions noted in 'Sugar Beet Sources' section.

### Insect Dissection and Preparation of Sample

Larval rearing methods for this section were similar to those mentioned in the 'Rearing of insect'. Fourth and fifth instars of *A. gamma* fed on each sugar beet cultivar (five replicates per 30 larvae sampled per cultivar) were dissected under dissecting microscope in distilled ice water. The midguts were separated and homogenized with a handling homogenizer. The samples were centrifuged at 13,000 rpm for 10 min at 4 °C, and then the resulting supernatants of each tube were pooled and stored at −20 °C until use.

### Protein Determination of *A. gamma* Larvae

The method of [@iew040-B5] was used for determining general protein concentrations in the midgut of fourth and fifth instar, using bovine serum albumin (BSA) (Roche Co., Germany) as the standard.

### Assay for Proteolytic Activity of *A. gamma*

Azocasein substrate (Sigma Chemical Co., St Louis, USA) was used for proteolytic assay ([@iew040-B10]) with minor modification. The reaction mixture containing 80 μl of 1.5% azocasein solution in sodium phosphate-borate buffer (0.05 M, pH 12) was mixed with 50 μl of the enzyme extract and incubated at 37 °C for 50 min. The proteolysis was terminated by the addition of 100 μl 30% trichloroacetic acid (TCA) as a stopper, and then rested at 4 °C for 30 min. Precipitations were reached by centrifugation of 13,000 rpm for 10 min at 4 °C. Then 100 μl of supernatant was mixed with 100 μl of 2 M NaOH, and the absorbance was read at 440 nm. In the blanks, TCA was added to the mixture before adding the enzyme extract. All experiments were carried out in three replicates, and each experiment was repeated at least three times.

### Assay for Amylolytic Activity of *A. gamma*

The amylolytic activity assay was carried out according to the [@iew040-B3] method, using 1% soluble starch (Sigma Chemical Co., St Louis, USA) as a substrate and dinitrosalicylic acid (DNS) (Sigma Chemical Co., St Louis, USA.) as a stopper. Twenty microliters of the enzyme extract were incubated for 30 min at 37 °C with 500 μl of succinate-glycine-2, morpholinoethan sulfonic acid buffer (0.01 M, pH 10) and 40 μl of soluble starch. The assay was terminated by the addition of 100 μl DNS and keeping in boiling water for 10 min. The absorbance was read at 540 nm after cooling on ice. All experiments were performed in three replicates, and each experiment was repeated at least three times.

### Protein and Starch Determination of Sugar Beet Cultivars

Protein content in the leaves of each sugar beet cultivar was quantified using BSA as a standard according to [@iew040-B5]. Two hundred milligrams of the leaves of each tested cultivar were homogenized in 10 ml of distilled water. Then, 100 μl of the homogenate was mixed with 3 ml of Bradford reagent (Sigma Chemical Co., St Louis, USA). The samples were incubated in darkness at 37 °C and absorbance was read at 595 nm.

Starch content in the leaves of sugar beet cultivars was determined by the method of [@iew040-B3] using starch as the standard. Two hundred milligrams of the leaves of each sugar beet cultivar were homogenized in 35 ml of distilled water and heated to boiling point. Then 100 ml of each sample was mixed with 2.5 ml of iodine reagent, including 0.02% I~2~ (Maarssen Co., Holland) and 0.2% KI (Merck Co., Germany), and the absorbance was read at 580 nm.

### Nutritional Responses of *A. gamma*

A gravimetric method described by [@iew040-B47] was used to determine the nutritional responses (larval weight, food consumed, feces produced and weight gain) of the fourth and fifth instar of *A. gamma* on nine sugar beet cultivars (30 replicates for each cultivar). Nutritional responses were calculated on the dry weight basis. The leaves of each sugar beet cultivar were weighed, and then transferred into the individual plastic plates (8 cm in diameter, depth 1 cm) for larval feeding. The initial weight of the newly ecdysed fourth and fifth instar was recorded and then they were reared on the weighed leaves of each cultivar for 24 h. The remnant leaves, after 24 h, were weighed and replaced with fresh leaves. Weight of food ingested is subtracted by the weight of remnant leaf from the whole weight of leaf supplied to the larvae. The produced feces were collected and weighed at the end of each experiment. To achieve the percentage of dry weights of the larvae (fourth and fifth instar), leaves and produced feces, 20 extra specimens for each were weighed, dried in an oven (at 60 °C for 48 h), and then re-weighed.

### Analysis of Data

The data were analyzed separately for each experiment with one-way ANOVA followed by comparison of the means with LSD test at α* *= 0.05 using statistical software Minitab 16.0 ([www.minitab.com](http://www.minitab.com)). Before analysis, all data were examined for normality using Kolmogorov-Smirnov test, which were normally distributed.

Results
=======

### Assay for Proteolytic Activity of *A. gamma*

The highest proteolytic activity of fourth instar (*F* = 9.88; df = 8, 18; *P* \< 0.01) was recorded on cultivar Persia; whereas the lowest activity was observed on cultivar Tiller. Also, the highest proteolytic activity of fifth instar (*F* = 14.38; df = 8, 18; *P* \< 0.01) was on cultivar Persia, and the lowest activity was on cultivar Karolina ([Fig. 1](#iew040-F1){ref-type="fig"}). Fig. 1.Mean (± SE) general proteolytic activity (U/mg) of midgut extracts from fourth and fifth instar *A. gamma* fed on different sugar beet cultivars. The means followed by different upper case letters (fifth instar) or by different lower case letters (fourth instar) are significantly different from the other means in the same instar (*P* \< 0.01, LSD).

### Assay for Amylolytic Activity of *A. gamma*

The fourth instar (*F* = 19.09; df = 8, 18; *P* \< 0.01) fed on cultivars Rozier and Persia showed the highest amylolytic activity; whereas the lowest activity was in larvae fed on cultivar Tiller. The amylolytic activity of fifth instar (*F* = 5.51; df = 8, 18; *P* \< 0.01) was the highest on cultivars Dorothea and Ardabili, and the lowest on cultivars Persia and Tiller ([Fig. 2](#iew040-F2){ref-type="fig"}). Fig. 2.Mean (± SE) amylolytic activity (mU/mg) of midgut extracts from fourth and fifth instar *A. gamma* fed on different sugar beet cultivars. The means followed by different upper case letters (fifth instar) or by different lower case letters (fourth instar) are significantly different from the other means in the same instar (*P* \< 0.01, LSD).

### Protein Determination of *A. gamma* Larvae

The fourth instar (*F* = 3.25; df = 8, 18; *P* \< 0.05) fed on cultivars Dorothea and Persia showed the highest protein content, while the lowest content was on cultivars Ardabili and Lenzier. The protein content of fifth instar (*F* = 26.14; df = 8, 18; *P* \< 0.01) was the highest on cultivar Rozier and the lowest on cultivars Peritra, Lenzier, Ardabili, Tiller, and Karolina ([Fig. 3](#iew040-F3){ref-type="fig"}). Fig. 3.Mean (± SE) protein content of midgut extracts from fourth and fifth instar *A. gamma* fed on different sugar beet cultivars. The means followed by different upper case letters (fifth instar) or by different lower case letters (fourth instar) are significantly different from the other means in the same instar (*P* \< 0.01 and *P* \< 0.05\*, LSD).

### Protein and Starch Determination of Sugar Beet Cultivars

Our data indicated significant differences in protein (*F* = 116; df = 8, 18; *P* \< 0.01) and starch (*F* = 12.10; df = 8, 18; *P* \< 0.01) contents in the leaves of different sugar beet cultivars ([Fig. 4](#iew040-F4){ref-type="fig"}). The highest and lowest protein contents were recorded for cultivars Tiller and Peritra, respectively. The content of starch was the highest in cultivars Dorothea, Tiller and Rozier, and the lowest in cultivar Paolita. Fig. 4.Mean (± SE) protein and starch contents in the leaves of different sugar beet cultivars. The means followed by different upper case letters (starch content) or by different lower case letters (protein content) are significantly different (*P* \< 0.01, LSD).

### Nutritional Responses of *A. gamma*

The highest larval weight of fourth instar (*F* = 110.97, df = 8, 194, *P* \< 0.01) was detected when larvae were fed on cultivar Lenzier, while the lowest value was on cultivar Ardabili. Moreover, the highest and lowest values of food consumption (*F* = 8.58, df = 8, 211, *P* \< 0.01) were on cultivars Ardabili and Peritra, respectively. The results showed that the larvae fed on cultivar Persia produced the highest feces (*F* = 24.45, df = 8, 202, *P* \< 0.01) compared with the other cultivars. In addition, the highest weight gain of larvae (*F* = 84.55, df = 8, 209, *P* \< 0.01) was recorded on cultivar Ardabili and the lowest on cultivar Paolita ([Fig. 5](#iew040-F5){ref-type="fig"}). Fig. 5.Mean (± SE) dry larval weight, food consumed, feces produced, and larval weight gain of fourth instar *A. gamma* fed on different sugar beet cultivars. The means followed by different letters are significantly different (*P* \< 0.01, LSD).

The highest larval weight of fifth instar (*F* = 497.29, df = 8, 201, *P* \< 0.01) was on cultivar Persia, while the lowest value was on cultivar Karolina. The highest and lowest food consumption (*F* = 20.72, df = 8, 217, *P* \< 0.01) was on cultivars Rozier and Ardabili, respectively. Also, feces produced (*F* = 16.53, df = 8, 207, *P* \< 0.01) was the highest on Peritra and the lowest on cultivar Ardabili. In addition, the highest larval weight gain of *A. gamma* (*F* = 57.80, df = 8, 199, *P* \< 0.01) was detected on cultivar Persia, while the lowest value was on cultivar Karolina ([Fig. 6](#iew040-F6){ref-type="fig"}). Fig. 6.Mean (± SE) dry larval weight, food consumed, feces produced, and larval weight gain of fifth instar *A. gamma* fed on different sugar beet cultivars. The means followed by different letters are significantly different (*P* \< 0.01, LSD).

The highest and lowest larval weight of both (fourth and fifth) instar (*F* = 484.47, df = 8, 203, *P* \< 0.01) were detected on cultivars Persia and Karolina, respectively. The fourth and fifth instar reared on cultivar Rozier consumed more food than those reared on the other cultivars (*F* = 13.37, df = 8, 217, *P* \< 0.01). The highest amount of feces was produced (*F* = 16.62, df = 8, 204, *P* \< 0.01) by larvae fed on cultivar Peritra. The weight gain of larvae (*F* = 49.23, df = 8, 197, *P* \< 0.01) was the highest when they were reared on cultivar Persia, and the lowest on cultivar Karolina ([Fig. 7](#iew040-F7){ref-type="fig"}). Fig. 7.Mean (± SE) dry larval weight, food consumed, feces produced, and larval weight gain of both (fourth and fifth) instar *A. gamma* fed on different sugar beet cultivars. The means followed by different letters are significantly different (*P* \< 0.01, LSD).

Discussion
==========

Host plant is an important factor in regulating insect populations ([@iew040-B46]). For identification of crop resistant to herbivorous insects, one way is to study the biological and physiological attributes of insect pests reared on various host crops ([@iew040-B41]). In addition, the study of host plant resistance is an important tool for identifying the antidigestive compounds in the plant that can be useful in integrated pest management ([@iew040-B27]).

Compatible to other works ([@iew040-B15]; [@iew040-B34]; [@iew040-B38]), the findings of this research showed that the digestive physiology of *A. gamma* larvae was significantly affected by different tested sugar beet cultivars. The highest proteolytic activity of fourth and fifth instar was on cultivar Persia ([Fig. 1](#iew040-F1){ref-type="fig"}), which could be due to higher food consumption by the larvae or the presence of some plant proteinase inhibitors (PIs). It was reported that the insects can quickly modify their midgut enzyme compositions by up-and down-regulations of protease synthesized in response to PIs ([@iew040-B20]; [@iew040-B13]). As the presence of PIs in host plant can inhibit gut proteases of insects and may prevent larval growth ([@iew040-B16]; [@iew040-B19]), the lowest proteolytic activity of *A. gamma* larvae on cultivars Tiller (in fourth instar) and Karolina (in fifth instar) ([Fig. 1](#iew040-F1){ref-type="fig"}) may be due to the presence of secondary metabolites or PIs in these cultivars.

The activity of digestive amylases is dependent on the type of food diet ([@iew040-B43]). According to the results of this study ([Fig. 2](#iew040-F2){ref-type="fig"}), *A. gamma* larvae fed on cultivar Rozier (in fourth instar) and Dorothea (in fifth instar) showed the highest amylolytic activity. It is generally accepted that food contents have important role in regulating the level of digestive amylases of insects ([@iew040-B40]). Because variations in the starch content in sugar beet cultivars can lead to differences in the amylolytic activity of *A. gamma*, thus, the highest amylolytic activity in larvae fed on cultivars Rozier and Dorothea is attributed to the highest starch content of these cultivars.

In lepidopteran insects, the proportion of protein and carbohydrate in the diets can influence the larval performance and digestive enzymatic activity ([@iew040-B40]; [@iew040-B38]). In our study, fourth instar of *A. gamma* fed on cultivar Tiller showed the lowest protease activity. Moreover, although cultivar Tiller had the highest protein and starch contents, the lowest amylolytic activity of fourth and fifth instar was observed on this cultivar. Such reduced enzymatic activity in *A. gamma* larvae fed on Tiller (with a high protein and starch content) might be due to the presence of some secondary biochemicals in this cultivar, which should be confirmed by additional tests. Although the quantity of protein and starch in a diet can affect the optimal development of herbivores, the nutritive quality of dietary macronutrients, especially proteins, also has a significant effect on plant-insect interactions ([@iew040-B11]; [@iew040-B7]; [@iew040-B24]). Therefore, it is possible that cultivar Tiller was nutritionally unbalanced host that negatively influenced digestive enzyme activity of *A. gamma*. According to data achieved from midgut protease and amylase activities, and the protein and starch contents of the nine tested sugar beet cultivars, it seems that lepidopteran insects are able to evaluate the macromolecule content in the food and adjust the synthesized digestive enzymes ([@iew040-B24]).

Body weight is one of the main biological indices of insect population dynamics ([@iew040-B28]). The highest larval weight and weight gain of larvae in fifth and both larval instars were on cultivar Persia. As the proteolytic and amylolytic activities of larvae and protein concentration in larval midgut were the highest on cultivar Persia, it could be suggested that this cultivar is a suitable host plant for feeding and increasing body weight of larvae. To confirm this result, our personal observations regarding biological attributes of *A. gamma* showed that the highest pupal weight and lowest larval mortality was detected when *A. gamma* was reared on cultivar Persia. The results of this study showed that the larval weight and larval weight gain of both instars were relatively low on cultivar Tiller. Moreover, lower pupal weight and higher larval mortality of *A. gamma* on cultivar Tiller (data not shown) indicate that this cultivar is unsuitable host plant for feeding of *A. gamma*.

The highest food consumed in both larval instar of *A. gamma* was on cultivar Rozier, whereas cultivar Rozier had relatively lower content of protein. It is possible that lower dietary protein in this cultivar led to increased food consumption by *A. gamma* larvae. In phytophagous insects, the nutritional value of a diet can influence the larval growth, survival, and development and fecundity of the adult ([@iew040-B2]). Some factors such as the amount and nature of food consumed could affect the availability of nutrients and the efficacy of converting food to body mass ([@iew040-B1]).

As seen in [Figures 5](#iew040-F5){ref-type="fig"} and [6](#iew040-F6){ref-type="fig"}, nutritional responses of fourth- and fifth-instar larvae were considerably different with each other. For example, fourth instar larvae of *A. gamma* consumed more food when they were reared on cultivar Ardabili; whereas fifth instar larvae consumed less food when they were fed on this cultivar. The dietary requirements of phytophagous insects change during development, especially in penultimate and ultimate instars, and such changes are commonly reflected in changes of food consumption ([@iew040-B1]). In a lepidopteran larva, the nutritional requirements over different developmental periods are positively correlated with the mass of the insect ([@iew040-B37]). Moreover, differences in digestive ability of lepidopteran larvae can affect nutritional performances of penultimate and ultimate instars ([@iew040-B36], [@iew040-B26]). For example, although older larvae may digest their food less completely than younger ones, their digestive enzymatic activities are more fully developed for growth and development ([@iew040-B9]). In addition, differences in physiological changes during penultimate and ultimate instars are probably another reason for the differences in nutritional responses of these two larval instars on various sugar beet cultivars.

According to the outcomes of our observations, among sugar beet cultivars tested, lower efficiency of conversion of digested food for both larval instars (fourth and fifth instar), lower pupal weight, and higher larval mortality were on cultivar Tiller. Moreover, studying life history of *A. gamma* on different sugar beet cultivars, [@iew040-B12] reported that the longest larval development was on cultivar Tiller. In the current study, the lowest digestive enzymatic activity of the larvae were on this cultivar as well, indicating that the larvae fed on cultivar Tiller had lower abilities to convert the digested food into their body biomass.

Conclusions
===========

According to generated data in this study, *A. gamma* food source was associated with digestive enzyme activity. By combining the results from a study on the life cycle of *A. gamma* ([@iew040-B12]) on different sugar beet cultivars and the results of the current research, we conclude that cultivar Persia is a suitable (susceptible) and cultivar Tiller an unsuitable (resistant) host plant for *A. gamma*. In the future studies, the characterization and extraction of secondary metabolites of resistant sugar beet cultivars will largely assist in designing of practical strategies in integrated pest management programs.
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